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Abstract
Field pennycress (Thlaspi arvense L.) (PC) and winter camelina [Camelina sativa
(L.) Crantz] (WC) have the potential to provide ecosystem services and economic
incentives when adopted as an oilseed cover crops in corn (Zea mays L.)–soybean
[Glycine max (L.) Merr.] rotations. However, PC and WC establishment and yield in
the northern Corn Belt and their subsequent impact on row crops are not well known.
This study was conducted to determine the effects of interseeding dates (R4, R5, and
R6; and R6, R7, and R8 development stages for corn and soybean, respectively) and
cover crop species (PC, WC, and winter rye [Secale cereale L.]) on seed yield and oil
content of interseeded oilseeds (PC and WC) and relay soybean, and 3rd-year corn
grain yield and quality. Study sites were initiated near Ames, IA; Morris and Rose-
mount, MN; and Prosper, ND. Late interseeding of PC and WC resulted in greater
oilseed yield. Overall yields of PC (218–880 kg ha–1) and WC (15–770 kg ha–1),
averaged across interseeding dates, were low when interseeded in corn and soybean.
The PC and WC reduced relay-soybean grain yield by 13–32% and 13–42%, respec-
tively. Corn grain yield and quality following relay soybean were not affected by the
residual effects of oilseed cover crops. Based on the results of our study, we do not
recommend relay cropping soybean with PC and WC in the upper Midwest.
1 INTRODUCTION
Corn (Zea mays L.)–soybean [Glycine max (L.) Merr.] rota-
tion with winter fallow forms the predominant cropping sys-
tem in the midwestern United States (Minnesota, Wisconsin,
Michigan, Illinois, Iowa, Indiana, South Dakota, and North
Dakota). This cropping system is high yielding and economi-
cally successful in short periods, but the long-term productiv-
Abbreviations: C–S–C, corn–soybean–corn; PC, field pennycress; S–S–C,
soybean–soybean–corn; WC, winter camelina.
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ity and sustainability of such systems are questionable (Crook-
ston et al., 1991; IDALS, 2013; Jones & Singh, 2000; Power
& Follett, 1987; Reganold et al., 1990). The typical cropping
system in the upper Midwest has an absence of living ground
cover following corn and soybean harvest that frequently leads
to soil erosion (Laloy & Bielders, 2010) and excessive loss
of nutrients (Patel et al., 2019) due to lack of synchroniza-
tion between nutrient availability and plant uptake (Myers
et al., 1994). Concern over the excessive use of fertilizer N
in the system, its losses during production and non-crop fal-
low, and subsequent impacts on environmental quality urge to
Agronomy Journal. 2021;1–19. wileyonlinelibrary.com/journal/agj2 1
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develop of more sustainable cropping practices. Integration of
cover crops in the existing cropping system is considered an
effective strategy for improving sustainable production. Usu-
ally seeded in fall before row crop maturity or shortly after
harvest, cover crops use excess water (which carries away
N via both leaching and runoff) and sequester N that would
otherwise be water-mobile and susceptible to off-site move-
ment. Cover crops also offer protection to the soil from wind
and water erosion by providing surface cover. Despite several
proven benefits of cover crops (Blanco-Canqui et al., 2017;
Dabney et al., 2001; Kaspar et al., 2001; Sainju et al., 2002),
the rate of cover crop adoption by farmers is still low (Kladi-
vko et al., 2014) owing to issues related to cover crop man-
agement and lack of immediate economic incentive (Plastina
et al., 2018).
The use of cover crops, common in the eastern and cen-
tral Corn Belts, are uncommon in corn–soybean systems in
the Upper Midwest because of the short growing season and
unpredictable weather conditions during the growing sea-
sons. Lack of winter soil cover increases soil organic mat-
ter and nutrient losses, resulting in decreased crop productiv-
ity and resiliency (Berti et al., 2017a). Following row crop
harvest, the presence of cover crop living root in the soil
plays a significant role in scavenging and uptake of resid-
ual NO3–N and thus protect from leaching and exiting the
field through tile drainage. Innovative cropping systems are
necessary to achieve continuous and sustainable supplies of
food, feed, fuel, and bio-based products. Double- (Hexen &
Boxley, 1986) and relay cropping systems, planting the next
crop into the existing growing crop in the same cropping
year (Kline et al., 2003), are an option to produce biofuels,
food, and biomass feedstock in a single season on the same
land without sacrificing food security (Berti et al., 2015).
Winter camelina (WC) and field pennycress (PC) are oilseed
crops gaining attention because of their capacity to provide
industrial feedstock for biofuels, lubricants, and plastics as
well as to enhance agroecosystem services (Berti et al., 2016;
Cubins et al., 2019). Integrating these crops as winter annu-
als between main summer crops can provide additional eco-
nomic benefits (Gesch et al., 2014). There is a limited win-
dow in the fall following corn and soybean harvest and before
winter freeze to establish cover crops. Therefore, interseed-
ing into standing corn and soybean could be an option and
would improve land use efficiency in corn–soybean cropping
systems by temporal intensification through the inclusion of
WC and PC as cover crops and/or oilseed crops (Berti et al.,
2017b; Peterson et al., 2019; Royo-Esnal et al., 2015). Inter-
seeding winter annuals into corn and soybean is possible in
the northern Great Plains and Upper Midwest (Berti et al.,
2017b; Johnson et al., 2017; Noland et al., 2018;). However,
to increase their adoption by growers, better seeding practices
and agronomic management practices are required to improve
yields of these oilseed cover crops when used in the corn–
Core Ideas
∙ Late interseeding of oilseed cover crops produced
greater seed yield than early interseeding.
∙ Oilseeds yield of pennycress (218–880 kg ha−1)
and winter camelina (15–770 kg ha−1) were low.
∙ Soybean yield relayed into pennycress and winter
camelina was reduced by 13–42%.
∙ No residual effect of oilseed cover crops on grain
yield or quality of subsequent season corn.
soybean system (Gesch & Cermak, 2011; Noland et al., 2018;
Mohammed et al., 2020).
Successful integration of these oilseed cover crops into
existing corn–soybean systems in the Upper Midwest is in part
contingent upon the effects of these oilseed crops on row crop
yields in double- or relay cropping systems. The objectives of
this study were to: (a) quantify the PC and WC oilseed yields
when planted at different dates in standing corn and soybean;
(b) determine the effect of oilseed cover crops on relayed soy-
bean yield, and (c) investigate for residual effects of oilseed
cover crops on yield and quality of corn planted in the year
following relay soybean harvest.
2 MATERIALS AND METHODS
2.1 Site description
A field study investigating two 3-yr crop sequences was ini-
tiated in the spring of 2016 near Ames, IA; Prosper, ND;
Morris, MN; and Waseca, MN. The 3-yr sequences were
replicated in time the following year, 2017, by starting each
sequence again in Ames, Prosper, and Morris. However, in
2017 Rosemount, MN, was used to replace Waseca because
of severe flooding in 2016. The soil types at each respec-
tive site were: Ames, IA (42˚ 00′ N, 93˚44′ W) with Clar-
ion loam (fine-loamy, mixed, superactive, mesic Typic Haplu-
doll) and Webster clay loam (fine-loamy, mixed, superactive,
mesic Typic Endoaquoll); Morris, MN (45˚40′ N, 95˚48′ W)
with Hokans (fine-loamy, mixed, superactive, frigid Cal-
cic Hapludoll)–Svea (fine-loamy, mixed, superactive, frigid
Pachic Hapludoll) complex; Rosemount, MN (44˚42′ N,
93˚03′ W) with Waukegon silt loam (fine-silty over sandy or
sandy-skeletal, mixed, superactive, mesic Typic Hapludoll);
and Prosper, ND (46˚58′ N, 97˚03′ W) with Bearden silt
loam (fine-silty, mixed, superactive, frigid Aeric Calciaquoll).
Weather data, including monthly mean temperature and pre-
cipitation across all years and locations, were collected using
a weather station near each site.
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2.2 Plot design and treatment
implementation
The experiments were established in two separate 3-yr
crop sequences, corn–soybean–corn (C–S–C) and soybean–
soybean–corn (S–S–C). The experimental design at Ames,
Morris, and Rosemount was a randomized complete block in
a split-plot arrangement with four replicates. The main plot
(9.1 by 7.6 m) consisted of three different seeding dates: R4,
R5, and R6 developmental stage in corn as per Abendroth
et al. (2011); R6, R7, and R8 developmental stage in soybean
as per Wright and Lenssen (2013) while the subplot (3.0 by
7.6 m) consisted of three cover crops, PC, WC, and cereal
rye (Secale cereale L.). Cereal rye was included as a treat-
ment for comparison since it is one of the most widely adopted
cover crops in the Midwest. A control plot with no cover crop
was present in each replicate to represent a conventional corn
and soybean cropping system. At all sites, corn hybrids and
soybean cultivars, well adapted to the respective area, were
seeded in 76-cm row spacing using a four-row planter. At
Prosper, the experimental design was based on randomized
complete block design with a factorial arrangement of the
same seeding dates and cover crops mentioned above and a
control (no cover crop) treatment with four replicates.
2.3 Cover crop seeding and harvest
Recommended crop management practices specific to each
location were used for corn and soybean management in both
experiments (Table 1). At all the sites, 1,064, 1,368, and 222
pure live seeds (PLS) m−2 of PC (cultivar MN106), WC (cul-
tivar Joelle), and winter rye (cultivar Rymin), respectively,
were broadcast seeded in standing corn or soybean at different
reproductive stages during the 1st year of both crop sequences.
At Ames and Prosper, PC, WC, and rye were hand-broadcast
followed by light raking, whereas at Morris and Rosemount, a
modified high-clearance tractor, Lee Avenger (LeeAgra, Inc.),
was used to broadcast cover crop seeds with shallow incorpo-
ration. Light raking and shallow incorporation of cover crops
seeds after broadcasting was performed for better germination
by improving the seed to soil contact. Cover crop seeding and
harvest date varied among sites (Table 2) as per the differences
in the growth stage of corn or soybean and varying maturity
dates of cover crops. Rye was terminated using glyphosate
[N-(phosphonomethyl)glycine] in spring before planting soy-
bean, whereas PC and WC were harvested as oilseeds later in
summer. At the harvest of PC and WC, the total number of
plants were counted, and then aboveground biomass was har-
vested from 0.76 m2 from the center two rows of each plot.
Remaining oilseed cover crops from each plot were either har-
vested by hand or small combine. There was some PC seed
loss observed due to the shattering of pods at harvest.
Seeds from PC and WC silicles were separated and cleaned
with combinations of sieves and an air column separator and
then weighed to determine seed yield ha−1. Winter camelina
and PC seed oil content were measured by pulsed nuclear
magnetic resonance (Bruker Minisepc mq10, Bruker). This
instrument was calibrated with known quantities of pure oil
for both species. Seeds of WC and PC were dried at 130 ˚C
for 4 h and cooled in a desiccator for 15 min before measur-
ing oil content. Approximately 5 g of this seed sample was
used for oil content testing. For PC and WC seed carbon and
nitrogen content determination, the seeds were dried at 65 ˚C
until a constant dry mass was achieved and ground to pass
through a 0.425-mm screen. Then, oilseed carbon and nitro-
gen content were determined using 0.2 g of this ground sample
following dry combustion with a Leco CN828 (LECO Corpo-
ration). Pennycress and WC seeds from Prosper in 2017 and
2018 for the C–S–C sequence could not be analyzed for seed
quality due to insufficient sample size.
2.4 Relay soybean seeding and harvest
In the spring of the 2nd year of both C–S–C and S–S–C
sequences, soybean was relay-planted at a 76-cm row spac-
ing into PC and WC along with terminated rye plots and no
cover control plots when the soil temperature was predicted
to remain above 10 ˚C. Rye was terminated using glyphosate
in the spring at least 2–3 d before seeding soybean (Tables 1
and 2). The PC was flowering while WC was at the bolting
stage when soybean was relay planted after rye termination.
There was minimal damage to PC and WC observed due to
wheel traffic at the planting of relay soybean. Standard weed
management practices using herbicide applications were used
for soybean production at each site.
Soybean yield components (plant height, node number, and
silicle count) were measured from six individual plants in the
center of each row before harvesting the relay intercropped
soybean. Grain yield of soybean was determined by harvest-
ing the center two rows of each plot with a self-propelled com-
bine. At Rosemount and Prosper, soybean yield component
data were not collected from either crop sequence in 2018.
Soybean seeds were analyzed for oil, C, and N concentration
using similar methods as mentioned above for PC and WC.
2.5 Year three corn seeding and harvest
At all sites, in the year following relay soybean harvest, corn
was no-till planted in the spring in both the C–S–C and S–
S–C sequences. Corn hybrids suited for each location were
used and locally recommended fertilizer (types and rates) and
weed management practices were applied (Table 1). Corn
grain yield was calculated following combine harvest of the






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































6 PATEL ET AL.
center two rows from each plot and reported at 155 g kg−1
moisture. Corn grain samples from each plot were collected
at harvest and analyzed for seed N and C concentration using
a similar method as described above for PC and WC. Grain
quality results are presented from all the sites, except for 2018
from Rosemount.
2.6 Soil sampling and moisture
determination
Soil samples from 0-to-30-cm and 30-to-60-cm depths were
collected from all the treatments at the time of PC and WC har-
vest using a hand pushed probe (JMC Soil Samplers). Three
random cores of soil samples were collected and composited
from the center two rows of each plot using a 1.7-cm diam.
soil probe. Soil samples were weighed at field moist condition
and then were dried at 105 °C until reaching a constant weight
and then weighed again to determine dry weight. The percent-
age soil moisture concentration was calculated on a dry soil
weight basis and presented in g kg−1. Soil samples were not
collected at oilseed harvest from Prosper in 2017 or 2018.
2.7 Statistical analysis
Data from the two cropping sequences (C–S–C and S–S–C)
were analyzed separately using SAS 9.4 (SAS Institute, Inc.,
Cary, NC). Error mean squares were compared for homo-
geneity among experimental sites according to Hartley’s F-
max test, and the data was transformed as (Y)1/2 to obtain
homogeneity of variance if needed. For each sequence, a com-
bined analysis of variance was performed across three loca-
tions (Ames, Morris, and Rosemount) using a mixed linear
model, as suggested by Moore and Dixon (2015). Environ-
ment (year x location), replicate, and their interaction with
seeding date and cover crop species were considered random
while treatments (seeding date x cover crop entry) were con-
sidered as fixed effects in the linear model. On account of the
incomplete factorial design of the experiments, contrast state-
ments were used for comparing treatments, and mean com-
parisons were made using an LSD at P = .05. Data from the
C–S–C sequence at Rosemount were not included in the com-
bined analysis due to the smothering of cover crops in the
absence of proper corn residue management, as described in
the related study by Mohammed et al. (2020). The total seed
yield of the relay system for the combined analysis as well as
for the Prosper site was calculated by adding the yield of relay
soybean and the yields from the oilseed cover crops and ana-
lyzed as a response. Data from the Prosper site were analyzed
as a randomized complete block using a mixed model where
treatments were considered as fixed while year, replicate, and
their interaction with treatments was considered random in
the linear model. Data from the Prosper site is presented sep-
arately because of the differences in experimental design, site
management, and measurements recorded at this location.
3 RESULTS AND DISCUSSION
3.1 Weather conditions
Weather conditions such as soil temperature and snow cover
during the growing season of the cover crops and row crops
can influence their establishment and yield. In 2017, the air
temperatures in January and February across all sites and at
Prosper were slightly higher (2–6 ˚C) than the normal (30-
yr mean). Across all sites, precipitation was above normal
(4 cm) in the months of May and October whereas, June and
July were drier, receiving 4–5 cm less precipitation than nor-
mal (Table 3). At prosper, September was considerably wet,
receiving 9 cm above normal precipitation, whereas summer
(June–August) was slightly drier.
In 2018, the air temperature across all the sites in April,
September, and October was considerably colder (6 ˚C) than
the normal, whereas November and December were 5 and
12 ˚C warmer. At Prosper, the air temperature from February
to April was 2–6 ˚C colder, with May temperature being 4 ˚C
above normal (Table 3). Across all the sites, summer and fall
were considerably wet; however, the spring (March–May) was
drier and received 8 cm below normal precipitation. At Pros-
per, months from April to July consistently received 2–3 cm
below normal precipitation (Table 3).
In 2019, the air temperature from February to May across
all the sites was colder (2–5 ˚C) than normal, whereas the
August air temperature was 4 ˚C above normal. Similarly,
at Prosper, air temperature from January to May was consis-
tently lower than the normal (Table 3). Precipitation across all
the sites was 6 cm above normal in May, whereas at Prosper,
total precipitation received from June to September was 21 cm
above normal (Table 3).
3.2 Pennycress and camelina seed yield and
seed quality parameters
Cover crop survival after the winter and its subsequent growth
and biomass accumulation in spring can be affected by their
seeding dates into standing row crops (Mohammed et al.,
2020). Moreover, the time of cover crop seeding in the
fall can influence germination and establishment under the
row crop canopy. When seeded in standing corn and soy-
bean canopy, PC and WC germination and establishment
is influenced by light, moisture, and nutrient competition
from the already growing row crop. When cover crops are
broadcast interseeded, inadequate seed to soil contact due to





































































































































































































































































































































































































































































































































































































































































































































































8 PATEL ET AL.
insufficient incorporation may also result in poor germination.
In this experiment, lack of good establishment of PC and WC
in the fall and low survival during winter (Mohammed et al.,
2020) contributed to overall low oilseed yield for PC and WC
in both C–S–C and S–S–C sequences (Tables 4 and 5). Across
all locations, the mean seed yield of PC across seeding dates
was significantly greater than WC in both sequences (Table 4).
The higher yield of PC likely resulted from better fall estab-
lishment and winter survival (Mohammed et al., 2020). The
mean yield of PC and WC was 344 and 201 kg ha−1 for
C–S–C and 763 and 318 kg ha−1 for S–S–C crop sequence,
respectively. Oilseeds yield in our study was much lower com-
pared with PC and WC yields of 1,550 and 1,100 kg ha−1,
respectively, reported by Ott et al. (2019) in Minnesota, where
PC and WC were planted in early autumn (late August–
September) into winter wheat stubble. Soybean should ide-
ally be relay planted into the PC and WC before their bolting
stage (Gesch et al., 2014), but because of prolonged cold soil
temperatures, soybean seeding was often delayed during this
study. Late planting of relay soybean may have reduced seed
yield of oilseed cover crops due to wheel traffic.
Across both the oilseed cover crops (PC and WC), later
seeding dates in corn (R6) and soybean (R8) resulted in a
greater yield of PC and WC, thus indicating that later seed-
ing in the fall into standing corn and soybean is advantageous
for seed yield. Higher seed yields of PC (Bishop & Nelson,
2019) and WC (Gesch & Cermak, 2011; Berti et al., 20217b)
when seeded late in the fall were reported in the previous stud-
ies. Prolonged growing time and inadequate light penetration
under the corn and soybean canopy could be the reason for
low survival of PC and WC when seeded at earlier reproduc-
tive stages of corn and soybean (Mohammed et al., 2020).
At Prosper, PC and WC oilseed yields were not signifi-
cantly different in the C–S–C sequence and averaged 259 and
68 kg ha−1, respectively (Table 5). In the S–S–C sequence,
PC yield was 47% greater compared with that of WC. Con-
versely, seed oil, N, and C concentrations were 17, 13, and
5% greater in WC than PC seeds, respectively. The seeding
date of oilseed cover crops did not influence seed yield, seed
oil, and N concentration. This suggests that despite having a
low yield, WC may be a more desirable choice as an oilseed
crop due to its high seed quality and economic value. How-
ever, seed C concentration was slightly higher when seeded
early (R7) in soybean compared with late seeding (R8).
Since PC and WC are primarily harvested for their oilseed,
the seed oil content of such crops is the most important fac-
tor in determining their economic value. Oil concentration of
WC and PC across site-years was not affected by either seed-
ing date or its interaction with cover crop species in C–S–C
sequence (Table 4). However, in S-S-C sequence, oil concen-
tration was higher with later seeding dates (R7 and R8) than
the earlier date (R6). Oilseeds interseeded in soybean at later
seeding dates most likely had a better establishment of root
system as more sunlight could reach to the ground once the
soybean leaves were dropped. A well-established root sys-
tem can help plants in the acquisition of moisture and nutri-
ents from the soil and thus improve the yield and seed qual-
ity. Despite the low seed yield, the oil concentration of WC
was 3.5% higher in both sequences (Table 4). Averaged across
all seeding dates, seed oil concentration for PC was 281 and
292 g kg−1 and for WC was 315 and 324 g kg−1 when inter-
seeded in corn and soybean, respectively. A similar range of
oil concentrations for PC was reported by Dose et al. (2017)
and Gesch and Cermak (2011). However, WC’s oil concen-
tration was 9–13% lower than what had been reported in pre-
vious studies (Gesch et al., 2014; Gesch et al., 2018) where
camelina was drilled in the fall following row crop harvest.
In our research, broadcast interseeding camelina in corn and
soybean may have resulted in stress due to the shading of corn
and soybean canopy. Also, an insufficient root development
when broadcast interseeded as compared to drilled may have
resulted in low oil contents of camelina in our study.
Seed N concentration can be directly related to the protein
content of the seed and can be an important indicator of the
oilseed quality. Seed N concentration followed a similar trend
as oil and was higher in WC than PC (Table 4). Interseeding
date and its interaction with cover crop species did not influ-
ence oilseed N concentration. However, WC seed had 2–3%
higher N compared with PC in both sequences. The N con-
centration of WC seeds was similar (44 g kg−1) in both the
sequences, whereas PC had 42 and 41 g kg−1 N when inter-
seeded in corn and soybean, respectively.
Seed C concentration of PC and WC oilseed cover crop can
be associated with overall seed yield and the ability of these
oilseed cover crops to sequester C, which can play an impor-
tant role in their selection as cash cover crops. Oilseed C con-
centration was not affected by cover crop species in either C–
S–C or S–S–C system and averaged around 540 g kg−1 for
both the oilseed cover crops (Table 4). Similarly, interseeding
date did not affect C concentration in C–S–C sequence and
averaged 545 g kg−1 across all seeding dates. However, in the
S–S–C sequence, oilseed carbon concentration was slightly
higher with the R8 seeding date (554 g kg−1), whereas it
did not significantly differ between R6 (529 g kg−1) and R7
(536 g kg−1) seeding date.
3.3 Soil moisture at oilseed harvest
Moisture in the upper surface soil at the time of oilseed har-
vest is vital for germination and initial growth of relay soy-
bean since the root system is not yet fully developed. There-
fore, insufficient soil moisture during initial growth phases
can negatively affect soybean growth and development. An
actively growing cover crop in the spring can transpire a
significant amount of moisture from the soil, resulting in
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insufficient moisture availability for the growth and germi-
nation of relay-planted or conventionally planted row crops,
especially in years with dry spring and summer. Soil mois-
ture can be critical for the row crop later in the summer when
there are fewer chances of receiving rainfall. Previous stud-
ies have shown that cover crops can play important roles
in either reducing (evapotranspiration) or conserving (mulch
effect) soil moisture at different times of the year (Munawar
et al., 1990; Raimbult et al., 1991; Wells et al., 2014) and
thus affect growth and seed yield of row crops (Basche et al.,
2016). Our study results indicate that in both C–S–C and S–S–
C sequences, soil profile moisture at 0–30 cm and 30–60 cm
at cover crop harvest was not influenced by either the type of
cover crop or the fall seeding date of cover crops. In the C–
S–C sequence, mean soil moisture across all the treatments in
the top 30-cm and 30–60 cm were 194 and 202 g water kg−1
soil, respectively. Whereas in S–S–C sequence the mean soil
moisture was 190 and 201 g water kg−1 soil in 0–30 and 30–
60 cm, respectively. The lack of differences in soil moisture
in the topsoil profile can be explained by wet springs in 2017
and 2018 (Table 3). These results indicate that in years with
a wet spring, PC, WC, and rye (Appelgate et al., 2017) as
cover crops will have access to sufficient soil moisture and
thus avoid any negative effects on moisture availability to a
relayed crop.
3.4 Relay soybean yield and seed quality
parameters
Plant height, number of nodes, and silicles can be indicators
of seed yield (Board, 1985). Some of the yield components
may be affected by relay seeding and later may be reflected
in the soybean seed yield (Wallace et al., 1996). In our study,
the soybean seed yield components evaluated were not influ-
enced by either crop species or their seeding date in the C–S–
C sequence (Table 6). In the S–S–C sequence, mean soybean
plant height at harvest was similar for the rye and no cover
crop treatments, but plant height was reduced by 9- and 7-cm
when soybean was relay planted into standing PC and WC,
respectively (Table 6). Late-seeded WC and PC (R7 and R8)
reduced the relay soybean plant height at harvest compared
with the control treatment. Although WC reduced the total
number of nodes on the main stem by 5%, the mean number of
silicles plant−1 was not affected by either cover crop treatment
or seeding date in the S–S–C sequence. At Prosper, similar
trends were seen in both C–S–C and S–S–C sequences, and
the number of nodes plant−1 and plant height were reduced
by PC and WC at all three seeding dates (Table 7). Similar
to the other locations, rye did not affect either the number of
nodes plant−1 or the soybean plant height. The total number of
silicles plant−1 were not affected by cover crop species, seed-
ing date, or their interaction in both the crop sequences at the
Prosper site.
In a relay cropping system, moisture and nutrient availabil-
ity could become a limiting factor when soybean is planted
into cover crops (Duncan & Schapaugh, 1997) and can affect
both the crops resulting in decreased yield as compared with
soybean planted alone. At Ames, Morris, and Rosemount,
relay soybean yield in the S–S–C sequence was not affected by
cover crop species and seeding date or their interaction. How-
ever, in the C–S–C sequence, both PC and WC reduced relay-
planted soybean seed yield by 15.6 and 12.5%, respectively
(Table 6). The low yield of relay soybean following oilseed
crops in the C–S–C sequence could be a result of poor sur-
vival of cover crops, and high weed pressure observed when
oilseeds were interseeded in corn. However, the herbicide ter-
minated rye did not affect the relay soybean seed yield in
either sequence.
At Prosper, relay soybean seed yield was reduced by PC
in both 3-yr sequences, whereas WC decreased soybean yield
only in the S–S–C sequence. The rye cover crop, however,
did not affect the soybean yield when compared with the
no cover crop control. Pennycress reduced soybean yield by
32 and 28% in C–S–C and S–S–C sequences, respectively,
whereas WC reduced relay soybean yield by 41% in the S–
S–C sequence. The reduction in relay soybean yield in our
study is greater or, in some cases similar to previous studies
(Johnson et al., 2017; Ott et al., 2019). Johnson et al. (2017)
reported 20–30% reductions in soybean yields when relayed
with either PC or WC, whereas Gesch et al. (2014) reported
yield reductions of 25–33%. The reduction in relay soybean
yield could be attributed to the presence of weeds in cover
crop, competition from cover crops and weeds for moisture or
nutrients, or due to the damage caused by the combine at the
time of cover crop harvest.
The overall productivity of a relay cropping system can be
increased when the yields of both crops are combined for the
system (Gesch et al., 2014; Johnson et al., 2017; Ott et al.,
2019). However, our study results indicate that there were no
significant differences in the total oilseed yield (relay soy-
bean and oilseed cover crop) among the intercropped and
soybean only treatment in either C–S–C or S–S–C sequence
(Figure 1). This indicates that the additional yield from PC
and WC oilseed harvest did not increase the overall produc-
tivity of intercropped system. At Prosper, relay interseeding
soybean in both PC and WC reduced the total oilseed yield
in both the cropping sequences (Figure 2). At Prosper, total
oilseed yield of the relay system when soybean was inter-
seeded into PC and WC was reduced by 25 and 20% in the
C–S–C, and 19 and 33% in the S–S–S sequences, respec-
tively (Figure 2). Based on the observed reduction in overall
relay system yield in our study, we do not recommend PC and
WC as oilseed cover crops in a relay cropping system in the


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































F I G U R E 1 Total seed yield (soybean and oilseed cover crop) in relay year (2018 and 2019) in corn–soybean–corn (C–S–C) and

































F I G U R E 2 Total seed yield (soybean and oilseed cover crop) in relay year (2018 and 2019) in corn–soybean–corn (C–S–C) and
soybean–soybean–corn (S–S–C) sequences at Prosper
Upper Midwest region. However, PC and WC may have the
potential to be used as cash cover crops in regions with more
extended growing periods. There are higher chances of suc-
cessful adoption of this system farther south where relay inter-
cropping is not necessary and could provide an opportunity to
achieve high yields of PC, WC, and soybean while maintain-
ing the ability of the farmer to obtain full season soybean crop
insurance.
Seed oil and C concentrations of relayed soybean were
not affected by the presence of PC, WC, or rye in C–S–C
or S–S–C sequences despite reduced soybean yield in both
systems (Table 6). Similar results were reported by Gesch
et al. (2014) where soybean seed oil concentration did not
differ whether it was relay cropped with WC or grown as
a monocrop.
Seed C and N concentration of relayed soybean can act as
an indicator of physiological stress because of relay planting
soybean into an already growing oilseed cover crops. Soy-
bean seed N concentration across Iowa and Minnesota sites
was slightly reduced with a rye cover crop and at a later seed-
ing date (R8) in the S–S–C sequence. Oil and C concentra-
tions of soybean seed across all cover crop treatments in both
the cropping sequences averaged around 212 and 534 g kg−1,
respectively, and were similar to the no cover crop control
(Table 6). At Prosper, soybean seed quality parameters were
not affected by any treatments when relay intercropped with
PC, WC, or rye cover crops (Table 7). This suggests that even
though the yield of soybean in double- and relay cropping
systems was reduced, the quality parameters of soybean seed
were not affected.
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3.5 Year three corn yield and seed quality
parameters
Pennycress and WC, when used as oilseed crops, may result
in seed accumulation in the soil seed bank due to shattering
losses before or at harvest. Pennycress seed can remain dor-
mant in the soil for an extended period (Saini et al., 1987;
Francis & Warwick, 2009; Karimmojeni et al., 2014) and may
germinate and emerge the following spring at the time of row
crop seeding or emergence. These volunteer oilseeds in the
subsequent spring may provide competition to the row crop
and negatively affect row crop growth, seed yield, and quality.
In our study, despite some emergence of volunteer PC in the
following spring (data not shown), the grain yield of Year 3
corn from both crop sequences was not affected by cover crop
species, seeding date, or their interaction (Tables 6 and 7).
The mean yield of corn in both sequences was 12.8 Mg ha−1
across Iowa and Minnesota sites (Table 6). Whereas at Pros-
per, average corn yield was 12.4 and 13.5 Mg ha−1 for C–S–C
and S–S–C sequences, respectively (Table 7). Similar to soy-
bean, seed N and C concentrations of Year 3 corn were not
affected by cover crop species, seeding date, or their interac-
tion and averaged about 13 and 453 g kg−1, across all sites,
respectively.
4 CONCLUSIONS
Results of our study document that soil moisture at oilseed
cover crop harvest was not affected by WC or PC, indicat-
ing that moisture requirements of soybean in a normal or wet
year would not be affected when relayed into these oilseed
crops. When interseeded into standing corn and soybean, PC
produced greater yield compared with WC. Seeding at later
reproductive stages of corn and soybean increased the oilseed
yield of both PC and WC, suggesting late seeding of oilseed
cover crops in the fall is preferred. Although when seeded
later in the fall, PC and WC produced greater seed yield, the
seed yield of soybean across all seeding dates was lower when
relayed into PC and WC in the C–S–C sequence. The possible
decrease in relayed soybean yield could be a result of compe-
tition from oilseeds and weeds for light and nutrients in the
spring. Integrating PC and WC as oilseed cash cover crops
failed to improve the overall productivity of the cropping sys-
tem. Despite some seed dormancy and emergence of volun-
teer PC in the spring following relay soybean harvest, there
were no residual effects on the corn yields in the year follow-
ing relay soybean harvest. There are several challenges in suc-
cessfully integrating PC and WC into corn and soybean sys-
tems in the upper Midwest. As per the findings of our study,
seeding at late reproductive stages or after harvest, as sug-
gested by Berti et al. (2017b), provides better chances for suc-
cessful intercropping of PC and WC into corn or soybean and
should improve the system productivity.
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